I. INTRODUCTION
SrZrO 3 (SZO) is one of the best high-k dielectric, useful for beyond silicon technology memory and logic devices. [1] [2] [3] [4] [5] [6] [7] [8] Extensive studies have been carried out for the three known high temperature phase transitions in SZO, i.e., orthorhombic (Pnma) ! orthorhombic (Cmcm) ! tetragonal (I4/mcm) ! cubic (Pm 3m) at 970 K, 1100 K, and 1440 K, respectively. [9] [10] [11] However, Kennedy and Howard predicted that group theory restricts continuous phase transition from orthorhombic (Pnma) at 300 K ! orthorhombic (Cmcm) at 970 K. 12 The tilted angle of ZrO 6 octahedra leads to several phase transitions as function of temperature and pressure. The tilt angle significantly decreases with increase in temperature which causes several structural phase transitions. [9] [10] [11] [12] At elevated temperature, some situation arises where there is no genuine structural phase transition but the higher degree of reduction in ZrO 6 octahedral angle significantly modifies electron density and phonon vibration. Several techniques have been utilized by researchers to understand the high temperature phase transitions. Ligny and Richet studied the thermal expansion and heat capacity of SZO over large range of temperature and found sharp anomaly near the phase transition temperature. 13 Kennedy and Howard utilized the high temperature x-ray diffraction (XRD) study to confirm the structural phase transitions. 12 Fujimori et al. explained the various high temperature phase transitions of SZO by Raman spectroscopy. 14 To the best of our knowledge, hardly any work has been carried out in the intermediate temperature range and with the aim to utilization for ionic conductors. Trivalent cations doped SZO systems have been considered for proton-conductors due to the natural presence of hydroxyl group. 15 These systems show increased fast ionic conduction at elevated temperature suitable for hydrogen gas sensors and solid oxide fuel cells (SOFC).
Most of the research activities were focused on the high temperature structural phase transitions. However, other several functional properties and applications for SZO have been reported in the literature. These properties are as follows: dielectric, 16 luminescence, 17 and protonic conductivity on Sc and Y stabilized SZO. 18 The Y/Sc stabilized ZrO 2 is a well known candidate for SOFC and it is being used as an electrolyte in the existing SOFC technology. 19, 20 The impedance spectroscopy technique, which is a well known nondestructive process to characterize the electrical properties, has been extensively utilized to check the suitability of oxide ion conductors for important electrochemical devices such as SOFC, oxygen separation membranes, and sensors. 21 The present investigation deals with the possible strong polaronic-electronic phase transition between 650 and 800 K. Impedance spectroscopy is an important investigating tool which clearly provides the inside electrical equivalent circuits of microstructures and their contributions to various types of ionic and electronic conductivity. We have categorically applied the dielectric and impedance spectroscopy to understand the bulk and grain boundaries contributions and their active participation for ionic conductions. It would be great if someone tests this system and its ionic conduction as a)
Author to whom correspondence should be addressed. Electronic mail: ashok553@nplindia.org function of different oxygen and hydrogen partial pressures which is beyond the scope of present investigation. The activation energy calculated from various impedance techniques suggests the possible protonic and oxygen ion conduction at elevated temperature.
II. EXPERIMENTAL DETAILS
The polycrystalline SZO ceramic samples were synthesized by conventional solid state reaction route. The initial ingredients SrCO 3 and ZrO 2 from Sigma Aldrich (purity $ 99.9%) were mixed in (1:1) stoichiometric ratio and milled homogeneously in pestle-mortar with isopropyl alcohol (IPA) for 2 h. The green powder was dried and calcined at 800 C for 10 h; later, the calcined powder was reground and mixed with a binder (10 wt. % polyvinyl alcohol solution) in order to prepare pellets for sintering. The binder mix granulated powder was shaped into circular disc having diameter 13 mm and thickness 1-1.5 mm under uniaxial pressure of 5-6 tons per square inch. Finally, these pellets were sintered in air at 1400 C for 6 h to achieve 95%-98% of theoretical density. The crystallinity and phase purity of SZO were checked by XRD (Bruker AXS D8 Advance X-ray diffractometer) using the Cu-K a (K a ¼ 1.54059 A ) monochromatic radiation, in 2h range between 20 and 80 . Grain growth, surface morphology, and elemental analysis on sintered pellets were carried out using a scanning electron microscope (SEM, Zeiss EVO MA-10) with measuring uncertainty of 65%. Electrical properties of the sintered SZO were measured in metalinsulator-metal (Ag/SZO/Ag) capacitor structures using silver electrode on both sides of pellets. Temperature-dependent dielectric measurements were carried out on Ag/SZO/Ag capacitor at various frequencies (100 Hz to 1 MHz) and temperatures (300-800 K) using LCR meter (HIOKI-3532-50) at an oscillating amplitude of 0.5 V. X-ray photoemission spectroscopy (XPS) measurements were performed by using an Omicron l-metal ultra-high vacuum (UHV) system equipped with a monochromatic Al K a X-ray source (h ¼ 1486.7 eV) and a multi-channeltron hemispherical electron energy analyzer (EA 125). The uncertainty in determining the values of peak positions and full width at half maximum (FWHM) is estimated to be 60.05 eV.
III. RESULTS AND DISCUSSION
A. Crystal structure and microstructure Fig. 1 shows the room temperature XRD patterns of the SZO system palletized at 1400 C. XRD data have successfully refined using Rietveld analysis which fitted well for orthorhombic crystal structure with space group $ Pnma lattice constants a ¼ 5.7940 Å , b ¼ 5.8147 Å , and c ¼ 8.1997 Å , v 2 : 3.11, Bragg R-factor: 7.33, R f -factor: 9.66, R p : 18.5, R wp : 28.9, and R exp : 16.39. Our fitted parameters, crystal structure, and occupancy of elements at various crystallographic positions matched well with the previous reports.
9 -12 Once we established the phase purity and crystal structure of SZO, we investigated the surface topography of pellet to check the distribution of grains, grain boundaries, voids, and porosity. Inset of Fig. 1 indicates homogeneous distribution of grains in matrix with overlapping grain boundaries. A negligible amount of porosity and voids were observed over the top surface of matrix. It can be also observed from topography image of SZO grains that these grains and grain boundaries appear like hot melted magma which may be due to high temperature fabrication process of ceramics. The elemental analysis gives the molar ratio of SZO nearly 1:1:3 (Sr:Zr:O), respectively, within the experimental limit of energy dispersive x-ray analysis (EDX).
B. Dielectric spectroscopy
Temperature dependent dielectrics spectra show frequency independent dielectric constant with magnitude $22 till 450 K; with further increase in temperature, it started increasing exponentially as shown in Fig. 2 . The magnitude of tangent loss over wide range of probe frequency was small (<5% at 1 MHz) in the temperature range of 300-450 K which makes SZO a suitable high-k dielectric for logic and memory elements; however, dielectric constant and loss both increase at elevated temperatures. The increase in the magnitude of dielectric constant and its dielectric dispersion above 450 K is mainly due to the thermally activated mobile charge carriers. Fig. 2 shows the high dielectric dispersion, high dielectric loss, and a dielectric maximum in low frequency data in the range of 650-750 K. These dielectric maxima temperatures also shifted with increasing probe frequencies which indicates a strong electron-phonon (small polarons) coupling in these temperature regions. 22 In the internal structure of the ZrO 6 , octahedral bond length significantly increases at the bond angles along the Zr-O(1)-Zr (156.5 ) and Zr-O(2)-Zr (156. 3 ) toward more higher crystal symmetry side (for cubic symmetry, bond angle is around 180 ) with increase in temperature, which in turn boosts the presence of small polarons in matrix. The kinks in dielectric spectra represent the pseudo polaronic-electronic phase transition as predicted by Kennedy suggested that group theory does not permit the direct phase transition from orthorhombic (Pnma) at 300 K ! orthorhombic (Cmcm) at 970 K. These dielectric results suggest that there may be subtle pseudo structural phase transition due to the significant tilting of ZrO 6 octahedral and screening among the electrons and the polaronic charge species. We would also like to emphasize that one should not confuse with the similar type of dielectric dispersion in relaxor, where tangent loss shows low loss for low frequency and high for high probe frequencies contrary to the present investigation, where tangent loss is very high for low probe frequency.
C. Impedance spectroscopy
The impedance spectroscopy study has been carried out in high temperature (>550 K) dielectric dispersion region. It indicates two distinct well defined semicircles in the Nyquist plot (Fig. 3) which represents the contribution of grains and grain boundaries in electrical and dielectric properties. The polycrystalline SZO samples are mainly made of grains (bulk) and grain boundaries (connecting area among the grains). Both grains and grain boundaries may contain voids, defects, trap charges, space-charges, etc.; however, it would be hard to distinct the electrical response due to these defects. Grain boundaries area mainly consist electronic polarization since it has no lattice contributions (ionic, dipolar). Electronic polarization, ionic polarization, and dipolar polarization are the main source of contribution to the dielectric and impedance properties of materials in radio frequency regions. The different constituents of dielectric (electronic polarization, ionic polarization, and dipolar polarization) which contribute to the total dielectric polarizability of materials interact with different regions of probe frequencies. The resistance-capacitance (RC) components of electrodeelectrolyte, grain boundaries, and grains follow low to high probe frequencies and provide relaxation peaks in dielectric or impedance loss spectra, respectively. It can be seen from Fig. 3 that both bulk and grain boundaries resistance decreased 2-3 orders in magnitude from 573 K to 773 K. The measured impedance data at 573 K and 673 K were fitted with the equivalent circuit given in the inset of Fig. 3(a) . The values of the coefficients (n) of grains and grain boundaries constant phase element (CPE) in the range of 0.72-0.80
)*e(Àpni/2), where 0 n 1) suggest that both grains and grain boundaries are arranged in brick-layer model with series connection. At high temperature, a small resistive element was also observed in low frequency region that represents the electrodeelectrolyte contribution. The impedance behavior is similar to the oxygen/protonic ion conduction in rare earth stabilized zirconia. 23 The impedance data at 723 K and 773 K were fitted with the equivalent circuit given in the inset of Fig. 3(d) . It indicates that grains and grain boundaries are highly conducting in nature and the mobile charge carriers responsible for conduction process have moderate or low activation energy E g $ 0.67 eV for grains and E gb 0.83 to 1.2 eV for grain boundaries. 24 These activation energies are ideal for oxygen ions or proton conduction. The resistance of bulk as well as grain boundaries decreases almost 3-4 orders in magnitude (from MX to few kX). Fig. 4 shows impedance loss spectra as function of frequency in which relaxation frequency shifted towards higher frequency side with increase in temperature. Two distinct impedance loss peaks were observed: low frequency peak was associated with grain boundaries, whereas high frequency peak represents relaxation behavior of charge carriers associated with bulk. Since grains have more lattice (electronic, ionic, and dipolar) contribution, their RC components follow higher probe frequency compared to the grain boundaries (mainly electronic). The relaxation (RC circuit) peaks of respective dielectric/impedance loss spectra shifted to higher frequency side with increasing temperature or energy of charge carriers. It indicates that the relaxation time (inverse of relaxation frequency) of charge carriers associated with bulk and grain boundaries decreases monotonically with increase in temperature as charge carriers hop among the nearest neighbor sites very fast (small time). These charge carriers obey the following relation: x max s ¼ 1, where x max is the peak relaxation frequency and s is the relaxation time. The activation energies of bulk and grain boundaries were calculated using the equation s ¼ s 0 e E a Àk B T , where s is the relaxation time, s 0 is the time constant, K B is Boltzmann constant, T is the temperature, and E a is the activation energy. The activation energies obtained by different processes are in the range of 0.67 to 1.2 V as shown in Fig. 5 with detail in figure caption. The Arrhenius plot of ac conductivity as function of inverse temperature for various frequencies provides the E a in the same range. The E a decreases with increase in probe frequency (Fig. 5(b) ); however, this energy is good enough to transport the oxygen vacancies and protons across the electrode. The oxygen vacancies and hydroxyl cations in the stoichiometric SZO composition naturally developed during the high temperature sample processing. The evidence of the presence of hydroxyl ions and oxygen vacancies has been found in XPS study, and it will be discussed in detail in Section III E. In any oxide, one cannot rule out the intrinsic electronic contribution in transport properties; however, keeping in mind that SZO has very high bandgap (Eg $ 5.4 eV) and the observed 2E a < E g , it is unlikely to be very large contribution from the electronic charge carriers. In general, the electron mobility is several orders higher than the ionic mobility; hence, small amount of electronic charge carriers significantly affect the overall electrical conductivity. 24 However, the kinetic of the oxygen exchange reaction becomes more significant at elevated temperature >700 K. An equilibrium condition may establish between the oxygen gas phase and oxygen in lattice following the defect oxidation condition given by o is the oxygen in lattice, and h 0 is the free holes. As we have also observed naturally occurring hydroxyl ion in SZO matrix which plays an important role in the conduction process and it implied that oxygen vacancies react not only with oxygen but also with water vapor and vice versa,
where H 2 OðgÞ is the water vapor and OH 0 o is the hydroxyl ions. The main ionic conductivity measurement processes are as follows: (i) use of proper ion-conducting electrode but electron-blocking electrode or measure the ionic transference number, (ii) four point measurement geometries in dc mode, and (iii) frequency-dependent impedance spectroscopy studies. We have used the last method and explained the behavior of mobile charge carriers. 24 
D. ac conductivity
The ac conductivity of SZO as function of frequency is shown in Fig. 6 . The ac conductivity plots of SZO show the following characteristics: (i) almost frequency dependent conductivity below 450 K, (ii) in the temperature range of 450 K to 550 K, ac conductivity shows small dc plateau in low frequency region with a strong frequency dependent conductivity window for high frequency region, (iii) above 550 K, frequency independent conductivity in low frequency regions ( <1 kHz), a frequency dependent conductivity in mid and high frequency regions, (iv) above 700 K, almost frequency independent conductivity below 50 KHz frequency, and (v) an enhancement of 4-5 order of dc conductivity with increase in temperature (from 300 K to 773 K). The above mentioned observations in conductivity spectra can be explained on the basis of jump relaxation model and conduction through grains and grain boundaries. The higher temperature (>650 K) and low frequency dc conductivity ðr DC Þ is attributed due to long-range translational motion of charge carriers. The observed frequency independent dc conductivity (higher temperature) was explained by Funke in the jump relaxation model (JRM). [25] [26] [27] JRM suggests that the thermally active mobile charge carriers successfully hop in the nearest neighbor site due to long relaxation time. However, in present case, the relaxation time monotonically increases with increase in temperature for low frequency. Above 650 K, two competing relaxation processes take place in mid frequency region (>1 kHz and <100 kHz), where (i) charge carriers sometime unsuccessfully hop to its initial position and (ii) in some cases, the charge carriers successfully hop to new sites due to fast relaxation process. Fig. 6 shows the modified Jonscher double power law fitting of the experimental data using the equation mentioned below [25] [26] [27] rðxÞ
where rðxÞ is the total conductivity, the first term rð0Þ is the frequency independent conductivity which corresponds to the translation long-range charge carriers motion. The second term A 1 x n 1 represents the region II, the exponent 0 < n 1 < 1 characterizes the competing translational hopping motion (back and forth short range hopping). The third term A 2 x n 2 illustrates localized or reorientational hopping motion with exponent 1 < n 2 < 2. 23 The values for n 1 and n 2 in the temperature range from 650 to 773 K were found to vary between 0.8-0.95 and 1.1-1.8, respectively. The values of both exponents increase with increasing temperature support concept of small polaron hopping mechanism. in-situ heat treatment at 250 C. We have carefully fitted the entire O 1s region with five components corresponding to the five different peaks contributing to this region as shown in Fig. 7(c) . The peak positions and full width at half maximum (FWHM) of the five peaks suggest very weak peak 1 and peak 2 at 525.7 eV and 527.8 eV are O 2À from nonstoichiometric ZrOx and O 2À from non-stoichiometric SrO x , respectively. The peak 3 at 529.6 eV is originating from lattice oxygen from the stoichiometric SrZrO 3 .
The peaks 4 (530.3 eV) and 5 (531.7 eV) can be attributed to hydroxyl species bound to different sites at the surface and bulk, respectively. The presence of high amount of intrinsic hydroxyl ions is evident since the sample was annealed at 1400 C and in situ annealing treatment at 250 C was carried out before XPS measurement. The fitted area of the hydroxyl groups bound to different sites at bulk and surface is almost same to that of the area of lattice oxygen from the SZO which in turn provides very high ionic conduction at elevated temperature. The high conductivity with very high activation energy ($1.2 eV) above 750 K supports the possible application of SZO in proton conductors and medium range solid oxide fuel cells (SOFC).
The Sr 3d spectrum exhibits 3d 5/2 and 3d 3/2 spin-orbit doublet peaks located at $134.0 and 135.6 eV, respectively, as shown in Fig. 7(c) . The spin-orbit splitting of Sr 3d line is about 1.7 eV in perfect cubic symmetry of SrTiO 3 crystal. 28 The spin-orbit splitting value 1.6 eV suggests small octahedral distortion from perfect cubic crystal symmetry. The Zr 3d core level shows 3d 5/2 and 3d 3/2 spin-orbit doublet peaks located at $182.2 and 184.5 eV, respectively, displayed in Fig. 7(d) . The spin-orbit splitting of Zr 3d is found to be around 2.3 eV. The peaks around 530.3 eV and 531.7 eV due to hydroxyl species are at slightly higher BE side compared to the earlier report which suggests that the magnitude of naturally occurring charge species was caused in the small shift of Fermi level position towards conduction band side resulting in more favorable situation for ionic conduction. 18 
IV. CONCLUSIONS
A careful dielectric, impedance, and conductivity spectroscopy has been carried out on SZO over wide range of temperature and frequency that suggests small polaron based pseudo phase transition in the range of 650 to 750 K. Bulk as well as grain boundaries play important role in high temperature conduction process. Nyquist plot and impedance loss spectra suggest that bulk and grain boundaries become conducting above 600 K and the magnitude of resistance decreased 4-5 orders compared to room temperature resistance. The activation energies obtained from various methods in the range of 0.7 to 1.2 eV support the oxygen ion and proton conduction. XPS study suggests the existence of intrinsic hydroxyl ions and ZrO 6 octahedral distortion from perfect cubic structure. The ac conductivity data follow JRM model with various competing translational and reorientational hopping of charge carriers, and their frequency exponents indicate small polaron supported conductivity.
